Anaerobic growth of Aerobacter aerogenes on citrate as a carbon source required the presence of Na+. The growth rate increased with increasing Na+ concentration and was optimal at 0.10 M Na+. The requirement was specific for Na+, which could not be replaced by K+, NH4+, Li+, Rb+, or This paper demonstrates that Na+ is essential for anaerobic growth of this organism on citrate, and that this is accounted for by the Na+ requirement of the decarboxylase step of the fermentation pathway and by the absence of an alternate pathway of citrate degradation under anaerobic conditions.
Aerobacter aerogenes is capable of utilizing citric acid as a sole carbon source for anaerobic growth. The pathway of citrate fermentation was shown by Brewer and Werkman (5) and by Dagley and Dawes (7) to proceed by cleavage of citrate to oxalacetate (OAA) and acetate, catalyzed by citritase, followed by the carboxylation of OAA to pyruvate, catalyzed by OAA decarboxylase. Stern (18) showed that the OAA decarboxylase of A. aerogenes was unique among decarboxylases in requiring Na+ for activity. The Na+ requirement was exacting in that Na+ could not be replaced by any other monovalent cation.
This paper demonstrates that Na+ is essential for anaerobic growth of this organism on citrate, and that this is accounted for by the Na+ requirement of the decarboxylase step of the fermentation pathway and by the absence of an alternate pathway of citrate degradation under anaerobic conditions.
MATERIALS AND METHODS
Culture conditions. The organism used throughout this study was A. aerogenes NCTC 418. The basal medium for studying the effect of Na+ on growth consisted of (g/liter): citric acid, 12.0; KH2PO4, 2.0; MgSO4 *7H20, 0.4; and (NH4)2SO4, 1 .0. The medium was neutralized to pH 7.0 with KOH. Growth studies were carried out in tubes containing 9 ml of basal medium to which we added sodium sulfate solution to give a range of concentration of Na+ from 0 to 0.3 M. The final volume in the tube was adjusted to 10 ml with water, and a 1% inoculum of a 16 hr culture was introduced. The tubes were maintained at 37 C for 16 hr, and growth was determined by measuring the turbidity of the culture in a Klett-Summerson colorimeter with a no. 54 filter. A Klett reading of 100 corresponds to 500 ,ug of cells (dry weight) per ml.
The following basal medium (g/liter) was used for determining the effect of potassium on growth: citric acid, 12.0; ammonium monobasic phosphate, 2.0; MgSO4.7H20, 0.4; and Na2SO4, 14.2. The medium was neutralized to pH 7.0 with tris(hydroxymethyl)-aminomethane (Tris). Growth studies were carried out as described above, with a range of concentration of K+ from 0 to 0.2 mm.
To obtain sufficient material for enzymatic studies, 4-liter batches of cells were grown for 18 to 24 hr and were harvested in a refrigerated Sharples supercentrifuge at 23,000 rev/min. The unwashed cells were stored at -20 C. prepared by suspending 3 g of frozen cells in 6 ml of 0.05 M Tris-hydrochloride buffer (pH 7.4) and disrupting the suspension for 2 min at 5 C with a Branson Sonifier. The cell debris was removed by centrifugation for 20 min at 26,000 X g. The supernatant fluid, which contained 15 to 20 mg of protein per ml, was used for all enzyme assays except succinate dehydrogenase. The 26,000 X g supernatant fluid was further centrifuged at 105 000 X g for 1 hr, and the pellet obtained was resuspended in 0.05 M Tris-hydrochloride buffer (pH 7.4). This suspension was used for estimating succinate dehydrogenase activity.
Enzyme assays. Citritase activity was measured by determining the amount of OAA and pyruvate formed from citrate in the presence of Mg++ and Na+. The complete system contained 100,moles of Tris-hydrochloride buffer (pH 7.4), 5 ,Amoles of MgCl2, 6,moles of Na2SO4, 10,moles of potassium citrate, and cell extract (approximately 4 mg of protein) in a total volume of 1.3 ml. The incubation was carried out for 5 min at 30 C, and the reaction was stopped by the addition of trichloroacetic acid. OAA and pyruvate were measured with malate and lactate dehydrogenases, respectively.
OAA decarboxylase activity was determined by measuring the decrease in absorbance of potassium OAA at 290 nm. The complete system contained 100 JAmoles of Tris-hydrochloride buffer (pH 7.0), 7 jAmoles of potassium OAA, and cell extract (approximately 2.5 mg of protein) in a total volume of 1.5 ml. The activity was also determined in the presence of added Na+ (20 mM).
Citrate synthetase activity was determined by measuring the formation of citrate from OAA, acetyl phosphate, and coenzyme A (CoA). The complete system contained 100 ,umoles of Tris-hydrochloride buffer (pH 8.0), 10 ,umoles of potassium OAA, 10 ,moles of acetyl phosphate, 0.5 mg of CoA, and cell extract (approximately 1 mg of protein) in a total volume of 1.0 ml. The incubation was carried out for 10 min at 30 C, and citric acid was estimated by the method of Stern (17 10 ,moles of potassium cis-aconitate, and cell extract (approximately 0.25 mg of protein) in a total volume of 1.5 ml. a-Ketoglutarate dehydrogenase activity was determined by measuring the rate of reduction of nicotinamide adenine dinucleotide (NAD) at 340 nm in the presence of a-ketoglutarate and CoA (12) . Succinate dehydrogenase activity was determined manometrically with phenazine methosulfate as electron carrier (3). Fumarase activity was determined by measuring the increase in absorbance at 240 nm in the presence of L-malate at pH 8.0 (15) . Malate and lactate dehydrogenase activities were determined by measuring the rate of reduced nicotinamideadenine dinucleotide (NADH) oxidationbyOAA and pyruvate, respectively, at pH 6.5. Glutamate dehydrogenase activity was determined by measuring the rate of reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidation in the presence of a-ketoglutarate and ammonia at pH 7.0. Glutamate-OAA transaminase activity was determined by measuring the rate of NADH oxidation in the presence of a-ketoglutarate, aspartate, and malate dehydrogenase (2) . Malic enzyme activity was determined by measuring the rate of reduction of NADP in the presence of L-malate and Mg++ at pH 9.0 (20) . NADH oxidase activity was determined optically at pH 8.0 (8) .
All spectrophotometric assays were done with a Zeiss model PMQII spectrophotometer at 25 C. Cuvettes of 0.5-or 1-cm light path were used. All specific activities are expressed as micromoles of substrate transformed per milligram of protein per minute. Protein was measured by the biuret method (10) . Sodium and potassium analyses were done on a Baird Internal Standard Flame Photometer. Residual citrate in the spent culture medium was determined by the method of Stern (17) .
RESULTS
Growth studies. The requirement of Na+ for the anaerobic growth of A. aerogenes on citrate is shown in Fig. 1 and 2 . In the absence of added Na+, essentially no growth occurred in the basal medium in 16 hr and analysis showed no loss of citrate from the medium. As the Na+ concentration (added as sodium sulfate) increased, the amount of growth increased, reaching a maximum at about 0.15 M Na+. Fur- (Fig. 2) . The growth response was specific for Na+, which could not be replaced by lithium, rubidium, or cesium (Fig. 2) , nor by potassium nor ammonium ions which were constituents of the basal medium. Na+ affected the growth rate as well as the maximum amount of growth ( Table 2 ). The growth rate, measured as doubling time, was increased by increasing Na+ concentrations up to 0.10 M Na+, as was the maximum cell mass attained.
Although K+ could not replace the Na+ requirement for growth on citrate, the question arose as to whether Na+ could substitute for K+ in these experiments. When NH4+ replaced K+ in the basal medium, only very slight growth occurred in the presence of 0.2 M Na+. This was probably a result of contaminating K+, rather than partial replacement of K+ by Na+ or NH4+ (Fig. 3) . Growth under these conditions was stimulated by K+, reaching a maximum at 0.15 mM K+. Thus, the concentration of K+ required for optimal growth was 1,000 times less than that of Na+.
Enzyme studies. Since the specific requirement of Na+ for OAA decarboxylase activity measured in vitro (18) citrate fermentation by cells from medium A. Thus, the specific activity of citritase was greatly reduced in cells from the intermediate Na+ medium and was even less than that of OAA decarboxylase in cells of medium A. This could be a secondary effect of OAA accumulation, since Bowen and Rogers (4) have shown that OAA irreversibly inhibited the citritase of A. aerogenes in vitro. If this effect occurred in the cell, it would account for the low specific activity of citritase extracted from cells with low OAA decarboxylase activity (medium A). In all three media, the cells contained all of the enzymes of the citric acid cycle except a-ketoglutarate dehydrogenase. The lack of a complete cycle accounts for the large accumulation of acetate during anaerobic citrate fermentation (5), which clearly proceeds via the citritase and OAA decarboxylase pathways since almost 2 moles of CO2 are produced per mole of citrate utilized (5) . The presence of the enzymes of the upper half of the citric acid cycle (and absence of a-ketoglutarate dehydrogenase) indicates their involvement in glutamate biosynthesis, as has been shown for strict anaerobes such as the clostridia (19) .
Significant changes in the activity of some enzymes occurred when medium Na+ was increased from 0.036 to 0.25 M. Citrate synthetase and succinate dehydrogenase activities decreased, whereas OAA decarboxylase and fu-O'BRIEN AND STERN marase activities increased. Similarly, on lowering the K+ concentration from 0.25 to 0.016 M, a concentration still optimal for cell division, citritase, transaminase, and aconitase activities decreased, whereas OAA decarboxylase and Lmalate and glutamate dehydrogenase activities increased.
DISCUSSION These experiments clearly demonstrate that Na+ is specifically required by A. aerogenes for anaerobic growth on citrate and that Na+ cannot be replaced by K+, NH4+, Li+, Cs+, or Rb+. The anaerobic dissimilation of citrate by A. aerogenes has been shown (7) to occur by cleavage of citrate to OAA and acetate, followed by decarboxylation of OAA to pyruvate and CO2. This is termed the citrate fermentation pathway. Stern (18) has shown that OAA decarboxylase specifically requires Na+ for activity and that the first two enzymes of the fermentation pathway, citritase and OAA decarboxylase, are induced by growth on citrate. Therefore, failure of A. aerogenes to grow in the absence of Na+ could be explained, at the enzymatic level, by either a failure to induce OAA decarboxylase ( (18) .
Although the Na+ requirement for OAA decarboxylase activity and for cell growth showed these correlations, a quantitative difference was evident. Thus, maximum enzyme activity occurred with 12 mm Na+ in vitro (18) , but 100 mM Na+ was required for maximum growth rate. This could be explained by a permeability factor, since the uptake of Na+ by A. aerogenes grown aerobically on glucose-salts medium has been found to be negligible (9) . However, studies of Na+ uptake by citrate-grown cells are not available.
A few examples of a specific Na+ requirement for growth of nonhalophilic microorganisms are already known. Thus, Sistrom (16) found that Na+ was required for aerobic and anaerobic growth of Rhodopseudomonas spheroides. Anaerobic growth was maximal at 2 mm Na+. Crisley (6) observed that the growth of Proteus vulgaris on glucose was stimulated by the addition of Na+, and Westlake et al. (21) demonstrated that Na+ was required for the fermentation of glutamic acid by Peptococcus aerogenes. Some marine bacteria (14) and several blue-green algae (13) also required Na+ for growth. In none of these cases has the need for Na+ been explained.
The absence of a-ketoglutarate dehydrogenase noted in these experiments is not surprising. Repression of a-ketoglutarate dehydrogenase by growth under anaerobic conditions was observed previously when Escherichia coil was grown on glucose or glycerol (1, 11) . Also, in strict anaerobes such as Clostridium kluyveri (19) , a-ketoglutarate dehydrogenase is lacking and the enzymes of the upper half of the citric acid cycle function in the biosynthesis of glutamate.
